To explore factors affecting the glaucoma diagnostic capability of macular thickness and circumpapillary retinal nerve fiber layer (cRNFL) thickness as determined by spectral domain-optical coherence tomography. METHODS. Area under the curve (AUC) of the receiver operating characteristics (ROC) discriminating healthy from glaucomatous eyes was determined using 10 macular thickness and 16 cRNFL thickness parameters. Glaucomatous eyes were categorized into two groups using four criteria according to whether cRNFL thickness or macular thickness measurement was better for glaucoma detection (cRNFL better group [RBG], macula better group [MBG], respectively). The clinical characteristics were compared between RBG and MBG. ROC regression analysis was conducted to identify variables affecting diagnostic capability using either macular thickness or cRNFL thickness measurements. RESULTS. Four hundred twenty-four glaucomatous patients and 297 healthy subjects were analyzed. Of all cRNFL parameters, average thickness showed the largest AUC (0.958). Of macular parameters, the inferior outer sector showed the largest AUC (0.880). More eyes were placed into the RBG than the MBG, making use of all four criteria (90 vs. 24, 143 vs. 46, 76 vs. 18, and 103 vs. 36, respectively). RBG patients had a smaller optic disc area than did MBG patients in 3 of the 4 criteria. Signal strength affected the diagnostic performance of cRNFL thickness measurement (P ϭ 0.043), whereas that of macular thickness was not affected by any covariate analyzed. CONCLUSIONS. Overall, cRNFL thickness measurements were generally superior to those of macular thickness when used to diagnose glaucoma. Macular thickness parameters were of greater value in eyes with larger optic discs. (Invest Ophthalmol Vis Sci. 2011;52:8094 -8101)
O ptical coherence tomography (OCT) is recognized as an important diagnostic tool in the structural diagnosis of glaucoma. The clinical usefulness of OCT has been demonstrated in numerous studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] An increasing number of clinics use OCT for glaucoma workup. OCT technology has evolved from time-domain (TD) to spectral-domain (SD); the latter offers higher axial resolution and scan speed. The Cirrus SD-OCT (Cirrus HD-OCT; Carl Zeiss Meditec, Inc., Dublin, CA) is one such commercially available platform. The current version of Cirrus OCT yields circumpapillary retinal nerve fiber layer (cRNFL) thickness when operated in the optic disc cube mode and macular thickness when the macular cube mode is used.
cRNFL and macular thickness differ in character. First, cRNFL thickness is usually determined by processing data from a 3.4-mm circumpapillary scan. A mild RNFL defect that is not located on the 3.4-mm scan circle may be missed. Moreover, the nasal and temporal side of the optic disc (where early glaucomatous change is rare) is included in the analysis, which may reduce the sensitivity of glaucoma detection if average RNFL thickness is considered.
In the meantime, macular thickness measurement usually makes use of posterior pole data, centered on the fovea. Thus, part of the superior and inferior and all the temporal sides of the optic disc are included, but the nasal side is not. However, macular thickness estimates the total retinal thickness, including cell layers that are not affected in glaucoma, which may affect the sensitivity of the test. Another disadvantage of the macula analysis is that only ϳ50% of the retinal ganglion cells are sampled in the scanned area compared with the full sample of the ganglion cell axons by the cRNFL scan, which might also reduce sensitivity.
In contrast, measuring the thickness of the cRNFL can be more specific for the diagnosis of glaucoma because it contains only retinal ganglion cell axons. Given these differences between cRNFL and macular thickness measurements, we hypothesized that one assessment might be superior to the other when diagnosing glaucoma in specific patients under certain circumstances. From a clinical viewpoint, it is important to know which measurement is better under which conditions. In addition, it is important for clinicians to know the factors that affect the diagnostic capacities of the two measurements. To resolve these issues, we classified a relatively large group of glaucomatous eyes into two groups using various criteria. Specifically, the groups were termed the cRNFL-better group (RBG), in whom cRNFL measurements were superior for glaucoma diagnosis, and the macula-better group (MBG). The clinical characteristics of the two groups were compared. Additionally, we evaluated the effects of various clinical factors on the glaucoma diagnostic capability of each macular and RNFL thickness parameter.
SUBJECTS AND METHODS

Subjects
All study subjects were recruited prospectively, in a consecutive manner, between April 2009 and September 2010 at the Asan Medical Center, Seoul, Korea. At initial evaluation, each patient underwent a complete ophthalmologic examination, including the taking of medical, ocular, and family histories; best-corrected visual acuity (BCVA) assessment; slit-lamp biomicroscopy; Goldmann applanation tonometry (GAT); gonioscopy; dilated funduscopic examination using a 90-or 78-diopter (D) lens; stereoscopic optic disc photography; a visual field (VF) test using a Humphrey field analyzer running the Swedish Interactive Threshold Algorithm 24-2 (Carl Zeiss Meditec, Dublin, CA); axial length measurement by IOL master (Carl Zeiss Meditec); central corneal thickness (CCT) measurement by ultrasound pachymetry (DGH-550; DGH Technology Inc., Exton, PA), and cRNFL and macular thickness measurement by Cirrus HD-OCT (Carl Zeiss Meditec, Inc.). To minimize any learning effect, the first VF test results were excluded from analysis.
For inclusion, each participant had to meet the following criteria: age older than 19 years; BCVA of 20/40 or better, with a spherical refraction ranging from Ϫ6 diopters (D) to ϩ3 D and cylinder correction within ϩ3 D; presence of a normal anterior chamber and open angle on slit-lamp and gonioscopic examinations; and reliable VF test results, with a false-positive error rate Ͻ15%, a false-negative error rate Ͻ15%, and a fixation loss rate Ͻ20%. Patients with evidence of intracranial or otolaryngeal lesions, a history of massive hemorrhage or hemodynamic crisis, any other ophthalmic disease that could result in VF defects, or a history of diabetes mellitus or eye surgery/laser treatment were excluded. One eye was randomly selected if both eyes were found to be eligible. Glaucoma was defined by the presence of glaucomatous VF defects regardless of optic disc or RNFL appearance. Glaucomatous VF defects had to meet at least two of the following criteria: (1) a cluster of three points with a probability of Ͻ5% on a pattern deviation map in at least one hemifield, including at least one point with a probability of Ͻ1% or a cluster of two points with a probability of Ͻ1%; (2) glaucoma hemifield test results outside normal limits; (3) a pattern SD (PSD) Ͻ5%. If an eye showed such VF defects in the central 10°, it was diagnosed as having central scotoma. The presence of peripapillary atrophy was also determined and agreed on by two glaucoma experts (KRS, JHN) when assessing optic disc photography. Healthy eyes of hospital staff, their families, and patients' spouses formed the control group. No control subject had any history of ocular symptoms or disease and had not been treated with intraocular incisional or laser surgery. All control eyes had IOP values lower than 22 mm Hg, with no history of IOP elevation, and were normal by both optic disc and VF examinations.
All procedures conformed to the Declaration of Helsinki, and the study was approved by the Institutional Review Board of the Asan Medical Center at the University of Ulsan, Seoul, Korea.
Optical Coherence Tomography
cRNFL thickness measurements were obtained by Cirrus HD-OCT optic disc cube mode, which provides cRNFL thickness measurements for average, quadrants (superior, inferior, nasal, and temporal), and 12 clock hours. Macula thickness was determined by macula cube mode. Thickness measurements for nine sectors (superior outer, inferior outer, nasal outer, temporal outer, superior inner, inferior inner, nasal inner, temporal inner, and fovea), central subfield thickness, cube volume, and cube average thickness were provided. Pharmacologic dilation was performed on all eyes. All images were acquired by a single well-trained technician during the same patient visit. Only images with signal strength (SS) Ն7 were included in the analysis. In addition, we excluded images with horizontal eye motion within the measurement circle in the en face image of the optic disc scan. Macular scans with eye motion that appeared as discontinuous blood vessels in the en face image were also excluded.
Statistical Analysis
Comparisons between the RBG and MBG. To separate patients into the RBG and MBG, glaucomatous eyes were classified using four criteria. First, area under the curve (AUC) of the receiver operating characteristics (ROC) discriminating between healthy and glaucomatous eyes was determined using the average, quadrant, and clock-hour thicknesses for cRNFL and the average and sectoral macular thicknesses. The cutoff values of average and sectoral thickness that showed the highest combination of specificity and sensitivity among each macular and cRNFL parameter were also calculated from ROC curves.
Once cutoff values for average thickness were defined, glaucomatous eyes with cRNFL thickness parameters equal to or lower than the cutoff value and macular thickness parameters higher than the cutoff value were classified as the cRNFL better group (aRBG). Glaucomatous eyes with macular thickness parameters equal to or lower than the cutoff value and cRNFL thickness parameters higher than the cutoff value were classified as the macular better group (aMBG). Using cutoff values for best sectoral thickness (highest AUC), glaucomatous eyes were classified as either abRBG or abMBG.
In addition, using normative classification, glaucomatous eyes that showed worse classification in either the cRNFL or the macular thickness parameter of average and best performing sector were classified as nRBG and nbRBG or as nMBG and nbMBG. For instance, abnormal classification in average RNFL thickness and borderline classification in macular thickness was classified as nRBG. If an eye showed the same classification in cRNFL and macular thickness parameters, that eye was not classified as either RBG or MBG. In other words, if both were abnormal or borderline or normal, they were not classified as either RBG or MBG.
Clinical characteristics, including VF data, were compared between each subclass of RBG and MBG (e.g., aRBG vs. aMBG). Normally distributed data were compared using the independent t-test, whereas nonparametric data were analyzed using the Mann-Whitney U test. To compare categorical data, the 2 test was used.
ROC Regression Analysis. To evaluate the effects of various
clinical factors on the glaucoma diagnostic capability of each macular and RNFL thickness parameter, multivariate ROC regression analysis was performed as proposed by Alonzo and Pepe. 15 The ROC regression model (ROC generalized linear model) 15 with probit link can be written as
where ␣ 1 and ␣ 2 are the intercept and slope of the ROC curve, respectively. When q is 1-specificity of the test, ROC(q) represents sensitivity. The coefficient ␤ for the covariate X greater than zero, which represents the discrimination between those with disease and those without disease, increases with increasing values of X. Discrimination increases with the increasing value of a certain covariate, X, when the coefficient, ␤, is greater than zero. Interaction terms between the variables and ⌽
Ϫ1
(q) were included to allow the effects of the covariates to differ by varying amounts, depending on the FPRq (or specificity1 Ϫ q)-that is, to influence the shape of the curve. However, we found no covariate had a significant effect on the interaction term. Thus, the interaction terms were omitted in the final models. Age and sex were adjusted using a linear model, with empirically estimated error distribution. 16, 17 To obtain confidence intervals for regression parameters, a bootstrap resampling procedure was used (n ϭ 1000 resamples). Univariate analysis was performed using each variable of VF_mean deviation (MD), VF_PSD, visual field index (VFI), spherical equivalent (SE), disc_area determined by Cirrus HD-OCT optic disc cube mode, VA, SS, and CCT. Among those, a set of variables that met a significance level Ͻ0.2 was entered in a multivariate regression analysis. P Ͻ 0.05 was considered significant. A final model with no significant factors for each parameter is not presented.
All statistical analyses were performed using commercially available statistical software (SPSS version 15.0; SPSS Inc., Chicago, IL; and MedCalc version 11.3.6.0; MedCalc, Mariakerke, Belgium), and R version 2.12.0 (free software that can be downloaded from http://www. r-project.org).
RESULTS
Four hundred twenty-four glaucomatous eyes and 297 healthy eyes that met the initial inclusion criteria were enrolled in the present study. The baseline characteristics of the glaucomatous and healthy eyes are summarized in Table 1 .
Of all the cRNFL parameters, average thickness showed the largest AUC (0.958). Of the sectoral values, the inferior quadrant thickness had the greatest AUC (0.956). Of macular parameters, the inferior outer sector showed the largest AUC (0.880). The cutoff AUC values for average and inferior quadrant RNFL thickness were 87 m and 110 m, whereas the cutoffs for average and inferior outer sector macular thickness were 269 m and 252 m, respectively (Table 2) .
By average thickness assessment, 90 eyes were classified into the aRBG and 24 into the aMBG. When the best performing sectoral parameter was conducted, 76 eyes were classified into the abRBG and 18 into the abMBG. By average thickness normative classification, 143 eyes were classified into the nRBG and 46 into the nMBG. By best performing sectoral thickness normative classification, 103 eyes were classified into the nbRBG and 36 into the nbMBG. Therefore, more eyes were classified into the RBG than the MBG using all four criteria.
Eyes in the aRBG showed significantly lower SE, smaller disc areas, and lower RNFL SS than eyes in the aMBG (P ϭ 0.002, P ϭ 0.016, and P ϭ 0.043, respectively) ( Table 3) . Eyes in the abRBG had lower VF MD, higher PSD, and smaller disc areas than abMBG eyes (P ϭ 0.047, P ϭ 0.011, and P ϭ 0.017, respectively) ( Table 4) . Eyes in the nRBG were younger, had smaller disc areas, and had less frequent central scotomas than nMBG eyes (P ϭ 0.028, P ϭ 0.003, and P ϭ 0.045, respectively) ( Table 5 ). Eyes in the nbRBG were younger age and had lower VF MD and higher VF PSD than nMBG eyes (P ϭ 0.002, 0.023, and 0.014, respectively) (Table 6) .
By univariate ROC regression analyses, inferior outer thickness of the macular parameter was affected by disc area, but this was not significant in multivariate analyses (Table 7) . Among cRNFL parameters, only RNFL SS influenced the ROC in inferior quadrant thickness measurement (Table 8) .
DISCUSSION
Conventionally, cRNFL thickness has been used as a structural assessment strategy in the diagnosis of glaucoma. However, it has been suggested that posterior pole macular thickness measurement might serve as an alternative. 14,18 -24 In clinical practice, cRNFL measurement affords good glaucoma detection sensitivity in some patients while macular thickness does not. However, in other patients, macular measurements are superior to cRNFL measurements for glaucoma detection. Knowing when one form of measurement outperforms the other would aid in determining whether cRNFL or macular thickness should be given more weight when evaluating glaucoma in individual patients. In the present study, we sought to define the factors affecting the diagnostic capability of cRNFL and macular thickness measurements. To this end, we simulated clinical circumstances under which one measurement afforded good glaucoma detection capability whereas the other did not. We used a relatively large group of glaucomatous eyes to determine when one measurement was superior to the other based on various criteria. Glaucomatous eyes in which both macular and cRNFL measurements showed similar performance levels in glaucoma detection were not included. Given that criteria for glaucoma detection tend to be arbitrary, we used several parameters.
When OCT output is used in clinical diagnosis, we usually refer to normative classification, such as abnormal, borderline, or within normal limit, and numeral thickness value. Thus, we included both normative classification and thickness value criteria in our analysis. To select appropriate cutoffs for thickness assessments, we performed ROC analysis to determine how discrimination between glaucomatous and healthy eyes could be best achieved. Because average thickness measurements may not detect localized early glaucomatous changes, we also included the most sensitive sector in our analysis of glaucoma diagnosis utility. The inferior quadrant cRNFL thickness and the macular thickness of the inferior outer sector performed best for glaucoma detection, which is consistent with previous results.
24 -26 When we compared RBG and MBG subjects using our four criteria, MBG patients showed larger disc areas. Thus, using macular rather than cRNFL thickness measurement, glaucomatous eyes with larger optic discs were likely to be better distinguished from normal eyes. In other words, glaucomatous eyes with larger optic discs may be missed by cRNFL assessment. This is explained by the fact that the scan diameter of cRNFL measurement is fixed. The RNFL is generally thicker around the disc margin because the RNFL merges into the optic disc and becomes gradually thinner as the distance from the disc margin increases. 27, 28 Therefore, if a fixed 3.4-mmdiameter scan is run, cRNFL thickness tends to be greater in eyes with larger optic discs. Previous studies 29, 30 found a positive correlation between optic disc size and cRNFL thickness measurements obtained by OCT. In addition, a histologic report found that larger optic discs have a greater number of nerve fibers. 31 A study using Stratus OCT (Carl Zeiss Meditec) found that glaucoma detection capability was low in patients with large discs. 32 However, macular thickness is assessed at the posterior pole, which is further from the optic disc margin than is the point at which cRNFL is measured. Thus, macular thickness measurements are less influenced by optic disc size than cRNFL thickness in terms of glaucoma detection and can afford greater diagnostic capability than cRNFL thickness, especially in glaucomatous eyes with large optic disc.
The SS of cRNFL measurements differed between patients in the RBG and MBG. Many studies have found that SS significantly affects cRNFL measurements obtained by Stratus OCT. [33] [34] [35] [36] Sung et al. 36 found that higher SS tended to be associated with lower probability of glaucoma. Reduced cRNFL SS might have yielded a thinner RNFL measurement than afforded by an image of higher SS, resulting in the improved diagnostic capacity of cRNFL assessment because the RNFL appeared to be thinner than it is in reality. However, macular SS did not differ between the two groups, implying that macular measurements are less affected by SS. This may be explained by the fact that cRNFL measurement is conducted after the segmentation of total retinal thickness data. Because SS is calculated using image reflectance, such reflectance may significantly influence segmentation. Within the macula, the retinal thickness measurements run from the retinal surface (the anterior boundary) to the inner/outer segment junction of the retinal pigment epithelial layer (the posterior boundary), and these measurements do not have to be segmented from assessment of total retinal thickness. Therefore, compared with cRNFL thickness assessments, macular thickness measurement may be less affected by SS.
Age was significantly different between RBG and MBG when the comparison with the normative data set was used both globally and by sectors. Because there were no significant differences between RBG and MBG when compared by thickness value criteria, this observation might reflect a limitation of the age adjustment in the normative data set. VF MD and PSD were also significantly different in sectoral thickness assessment, which meant that RBG group had generally more advanced disease. We could not find a possible explanation regarding this observation.
Therefore, we sought to investigate how such parameters, including VF severity, affect the diagnostic capability of each cRNFL and macular thickness measurement on glaucoma diag- nosis. Because some factors are mutually correlated, we performed univariate and multivariate ROC regression analysis of each cRNFL and macular measurement to evaluate factors affecting glaucoma diagnostic capability, after adjusting for correlations among analyzed factors. No factor affected macular diagnostic capability; however, the SS affected cRNFL diagnostic capability when inferior quadrant data were used. Thus, macular measurements were relatively independent of other factors when used for glaucoma detection, but image quality affected RNFL diagnostic capability. By our four criteria, there were consistently fewer MBG than RBG patients (24/90; 46/143; 18/76; and 36/103), indicating that macular thickness parameters were generally of lower diagnostic capacity than were cRNFL thickness measurements. This was confirmed after comparing the AUCs of average RNFL and macular thicknesses (0.958 vs. 0.866; P Ͻ 0.001). The best performing macular thickness sector (the inferior outer) also had a significantly smaller AUC than did inferior cRNFL thickness (0.880 vs. 0.956; P Ͻ 0.001). However, macular thickness parameters were of greater use than cRNFL thickness measurement in approximately one-third of all eyes. Therefore, we recommend performing both macular and cRNFL scanning in all patients to maximize the diagnostic ability to detect glaucoma.
Because of the large number of P values that were computed in this study, a type 1 (or false-positive) error might have occurred. Therefore, our result should be interpreted with caution in this regard.
In summary, cRNFL thickness measurements were generally superior to macular thickness measurements in the diagnosis of glaucoma. Approximately threefold more eyes were more accurately evaluated when cRNFL measurement rather than macular measurement was used. In a small subgroup of glaucomatous eyes, macular thickness assessment was superior to cRNFL measurement; these eyes had larger optic disc areas and higher RNFL SS. Although macular measurements were generally not superior to cRNFL measurements for glaucoma detection, macular parameters may nonetheless be useful, especially in eyes of larger optic disc area. The observation that posterior pole macular thickness measurement is not affected by other factors may be of particular importance. We believe that our work may serve as a guide to which SD-OCT parameters may be optimal, in certain patients under particular conditions, in the clinical diagnosis of glaucoma.
